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Pathogenicity islandsThe genus Campylobacter contains pathogens causing a wide range of diseases, targeting both humans and ani-
mals. Among them, the Campylobacter fetus subspecies fetus and venerealis deserve special attention, as they are
the etiological agents of human bacterial gastroenteritis and bovine genital campylobacteriosis, respectively.We
compare thewhole genomes of both subspecies to get insights into genomic architecture, phylogenetic relation-
ships, genome conservation and core virulence factors. Pan-genomic approach was applied to identify the core-
and pan-genome for both C. fetus subspecies andmembers of the genus. The C. fetus subspecies conserved (76%)
proteomewere then analyzed for their subcellular localization and protein functions in biological processes. Fur-
thermore, with pathogenomic strategies, unique candidate regions in the genomes and several potential core-
virulence factors were identiﬁed. The potential candidate factors identiﬁed for attenuation and/or subunit vac-
cine development against C. fetus subspecies contain: nucleoside diphosphate kinase (Ndk), type IV secretion
systems (T4SS), outer membrane proteins (OMP), substrate binding proteins CjaA and CjaC, surface array pro-
teins, sap gene, and cytolethal distending toxin (CDT). Signiﬁcantly, many of those genes were found in genomic
regions with signals of horizontal gene transfer and, therefore, predicted as putative pathogenicity islands. We
found CRISPR loci and dam genes in an island speciﬁc for C. fetus subsp. fetus, and T4SS and sap genes in an island
speciﬁc for C. fetus subsp. venerealis. The genomic variations and potential core and unique virulence factors char-
acterized in this studywould lead to better insight into the species virulence and tomore efﬁcient use of the can-
didates for antibiotic, drug and vaccine development.
© 2012 Elsevier B.V. Open access under the Elsevier OA license. venerealis NCTC 10354T; Cff,
ustered Regularly Interspaced
systems; PAIs, Pathogenicity
protein.
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The Campylobacter species are characterized by substantial diversity
at the taxonomic and pathologic levels (Moolhuijzen et al., 2009). The
clinical and economic signiﬁcance of the genus is well documented,
since these bacteria are involved in a wide range of diseases affecting
humans and animals (On, 2001; Skirrow, 1994) The spiral-shaped,
gram-negative bacteria also targets cattle, swine, and birds; and, it
is the main cause of human bacterial gastroenteritis (Harvey and
Greenwood, 1983; Skirrow, 1994; Spence et al., 2011). At the species
level, Campylobacter fetus subspecies venerealis (Cfv) are responsible
for causing bovine genital campylobacteriosis (BGC, which is a sexu-
ally transmissible disease poses a serious economic threat to the meat
and dairy industries in Brazil (Stynen et al., 2011), Argentina (Jimenez
et al., 2011) Australia and New Zealand (Moolhuijzen et al., 2009)).
There are also several studies describing C. fetus subspecies fetus (Cff),
1 http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi.
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economic losses due to sexually transmitted BGC. This indicates the
probable higher prevalence in regions where reproduction by natural
breeding is customary (Miller and On, 2011; Stynen et al., 2011). One
of the major limiting factors in controlling the spread of the disease is,
the low speciﬁcity of the molecular techniques and other tests used in
the diagnosis of BGC, for example, the direct ﬂuorescent-antibody test
(On, 2001; Spence et al., 2011). In principle, the C. fetus subspecies
show different host tissue adaptations; however, at the molecular
genetic level, they are essentially indistinguishable (Moolhuijzen et
al., 2009). In an attempt to differentiate the subspecies, the PFGE
technique was performed, and C. fetus subspecies showed 86% similar-
ity based on PFGE-DNA proﬁles (On and Harrington, 2001). Another
way to differentiate the subspecies is with the use of 16S rRNA genes di-
vergence, since these are sensitive tominormutations, remain hotspots
for variations, and are useful evolutionary regulators to estimate the re-
lationships between organisms (Hansson et al., 2008; Raskin et al.,
2006). Nevertheless, the two subspecies were found to be nearly iden-
tical through DNA–DNA hybridization analysis and 16S rRNA gene se-
quence divergence (Clarridge, 2004). The ﬁndings, altogether, point to
the possibility of very few gene targets causing the differentiation be-
tween C. fetus subspecies. The pan-genome is interesting when the
characterization of such species or genus is in question. In principle,
low pan-genome diversity could be a sign of a stable environment, in
contrast to a high pan-genome variationwhich could reﬂect the consid-
erable diversity in species and adaptation to diverse environments
(Mira et al., 2010; Snipen and Ussery, 2010). The bacteria belonging to
genus Campylobacter have small genomes (1.6–2.0 megabases) com-
pared to other genera (Takamiya et al., 2011). For smaller genomes, it
is expected that there will be a higher fraction of conserved genes, or
core genome, and relatively fewer genes in dispensable parts of the
pan-genome. The pan-genome of Campylobacter increases with the ad-
dition of each new genome; while, on the other hand, the core genome,
representing the conserved gene families, remains stable or slightly
decreases with each additional genome (Tettelin et al., 2005). The
lineage speciﬁc/accessory genome contains genes that are unique
to the respective organisms and which may also be involved in crit-
ical activities of pathogenicity, drug resistance, and stress responses
(Ruiz et al., 2011). These factors may increase the adaptability
of pathogens to the particular niches they inhabit; however, they
are not imperative to the survival of the organism. Moreover,
some copies of these genes can be acquired by horizontal gene
transfer and accessory genes have also been shown to be over
represented in genomic islands (Ogata, et al., 2001; Ruiz et al., 2011).
Vaccine development and drug target identiﬁcation against bacterial
pathogenesis remain topics of prime interest to researchers
(Rodriguez-Ortega et al., 2006; Wyszynska et al., 2004). Among all the
proteins encoded by bacteria, roughly one third, on average, are secret-
ed, surface exposed or potentially surface exposed (PSE). Secreted pro-
teins are believed to be involved in host cell interactions and toxicity
(Giombini et al., 2010; Kaakoush et al., 2010). Furthermore, surface pro-
teins have a signiﬁcant role, being the ﬁrst in contact with host cells, fa-
cilitating adhesion, invasion of the host cells and helping bacteria to
prevent host responses (Barinov et al., 2009). Surface proteins could be
potential drug targets against bacteria. Nevertheless, potential surface
exposed (PSE) proteins are likely to interact with host immune systems
and could also be candidates for vaccine development (Lindahl et al.,
2005; Pacheco et al., 2011; Rodriguez-Ortega et al., 2006). Similarly, bac-
teria adjust their metabolism accordingly, in the various host niches, for
proliferation and pathogenicity (Samant et al., 2008). Since metabolism
is a pre-requisite for survival and virulence, such pathways could be po-
tential targets for anti-microbial therapies (Chakrabarty, 1998). Nucleo-
tide biosynthesis is the key requirement of bacteria for metabolic
functions, consequently the corresponding enzyme remain targets for
antibiotic, for protection against the bacteria in host (Schlictman et al.,
1995; Sun et al., 2010).Despite the economic and immediate importance, unfortunately
few completely sequenced genomes of Campylobacter genus exist in
GenBank. With the recent release of complete genome sequence of
C. fetus subsp. venerealis NCTC 10354T and the availability of taxo-
nomically and molecularly related genome of C. fetus subsp. fetus
82-40 genome already on NCBI, we aimed to compare the mentioned
genomes, in order to characterize potential virulence factors and get
insights into the mechanisms of pathogenicity and host speciﬁcity
of the pathogen.
2. Material and methods
2.1. Genome selection and annotation
The C. fetus subsp. venerealisNCTC 10354T, a newly available genome
(Stynen et al., 2011) and the C. fetus subsp. fetus 82-40 complete genome
from GenBank were selected, along with: C. concisus 13826, C. curvus
52592, C. hominis ATCC BAA-381, C. jejuni RM1221, C. jejuni subsp. doylei
26997, C. jejuni subsp. jejuni 81116, C. jejuni subsp. jejuni 81-176, C. jejuni
subsp. jejuni IA3902, C. jejuni subsp. jejuni ICDCCJ 07001, C. jejuni subsp.
jejuni M1, C. jejuni subsp. jejuni NCTC 11168, C. jejuni subsp. jejuni S3
and C. lariRM2100. GenBankﬁleswere obtainedwith their NCBI genome
project IDs (GPID),1 and full-length 16S rRNAs gene sequenceswere pre-
dicted from all genomes using the rRNA gene ﬁnder RNAmmer (Lagesen
et al., 2007). Table 1 summarizes the basic genomic statistics, acces-
sion numbers, and information regarding the source and diseases
for selected organisms. Additionally, two Helicobacter pylori ge-
nomes (H. pylori 2017/Accession No. NC_017374.1, and H. pylori
52/Accession No. NC_017354.1) were selected as outgroups for the
16S rRNA phylogenetic tree. Gene annotation was extracted from
the GenBank ﬁles for the selected genomes, except for Cfv, as the
protein annotation was not available at the time of analysis.
The program Prodigal was used to identify the genes (ORFs) (Hyatt
et al., 2010). For control analysis, the number of predicted genes with
Prodigal and those of GenBank was cross-checked, to conﬁrm that the
numbers of genes are comparable.
2.2. Phylogenetic analysis of ribosomal RNA
The 16S rRNA genes were identiﬁed for all ﬁfteen genomes by
using the RNAmmer program (Lagesen et al., 2007) along with the
two H. pylori genomes (H. pylori 2017 and H. pylori 52), taxonomically
close organisms (On, 2001). Among the extracted 16S rRNA gene se-
quences, those between 1400 and 1700 nucleotides in length and
having a score above 1700 predicted by RNAmmer were selected to
construct the phylogenetic tree. In the case of multiple 16S rRNA genes
identiﬁed for a genome, one with a satisfactory RNAmmer score was
arbitrarily selected for posterior analysis. The ClustalW (Thompson et
al., 1994) program for multiple sequence alignment was used to align
the sequences. Program MEGA5 (Tamura et al., 2011) was then used to
create the tree with Neighbor-Joining method. Five hundred bootstrap
resamplings were done to estimate the consensus tree.
2.3. Conserved genes and gene family deﬁnitions
The conserved genes were predicted by BLASTp similarities with
default settings between the genomes. The previously used method
(Lukjancenko et al., 2012; Tettelin et al., 2005; Zakham et al., 2011),
referred to as the 50/50 rule, was followed. According to this criterion,
two genes are considered to belong to a single gene family if their
amino acid sequences are at least 50% identical over at least 50% of
the length of the longest gene. It follows, then, that multiple genes
may constitute a single gene family if they follow the 50/50 criterion.
Table 1
Campylobacter species and subspecies used in comparative analysis. Basic genome statistics, accession numbers, source and disease information of selected Campylobacter
organisms.
GPID Genomes Accession Length bp Proteins % AT 16S rRNAs Source Diseases
62521 C. fetus subsp. venerealis NCTC 10354T (Cfv) AFGH00000000 1,874,244 2092 66 2 Bovine vaginal mucus Bovine genital
campylobacteriosis, abortion
16293 C. fetus subsp. fetus 82-40 (Cff) NC_008599.1 1,773,615 1719 66 3 Human blood Infertility, abortions, septicemia
17159 C. concisus 13826 NC_009802.1 2,099,413 2073 60 3 Human feces Gastroenteritis
17161 C. curvus 52592 NC_009715.1 1,971,264 1947 55 3 Human feces Gastroenteritis
20083 C. hominis ATCC BAA-381 NC_009714.1 1,714,951 1637 68 3 Human feces –
303 C. jejuni RM1221 NC_003912.7 1,777,831 1877 69 3 Chicken skin Food poisoning
17163 C. jejuni subsp. doylei 26997 NC_009707.1 1,845,106 1982 69 3 Human blood Bacteremia
17953 C. jejuni subsp. jejuni 81116 NC_009839.1 1,628,115 1617 60 3 Human Food poisoning
16135 C. jejuni subsp. jejuni 81-176 NC_008787.1 1,699,052 1726 69 3 Human Food poisoning
28907 C. jejuni subsp. jejuni IA3902a CP001876 1,672,219 1703 69 3 Ovinea Infertility, abortion
47949 C. jejuni subsp. jejuni ICDCCJ 07001 NC_014802.1 1,708,924 1855 69 3 Human –
38041 C. jejuni subsp. jejuni M1 CP001900 1,616,648 1638 69 3 Human Gastroenteritis
8 C. jejuni subsp. jejuni NCTC 11168 NC_002163.1 1,641,481 1658 69 3 Human Food poisoning
45947 C. jejuni subsp. jejuni S3 CP001960 1,724,586 1815 69 3 Chicken Food poisoning
12517 C. lari RM2100 NC_012039.1 1,571,661 1580 70 3 Human Gastroenteritis, diarrhea
a Campylobacter jejuni strain associated with sheep abortion.
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2.4. Proteome comparison and BLAST matrix construction
The gene sequences from all of the selected organisms identiﬁed by
the Prodigal program (Hyatt et al., 2010) were translated and every
gene in every genome (Campylobacter)was compared by BLASTp against
every other Campylobacter gene in the dataset.
The 50/50 rule for constructing conserved gene families, described
above, was considered; the genes conforming to the criterion were
assembled into the same gene family. The BLAST results were visual-
ized in a BLAST matrix (Binnewies et al., 2005). The matrix generated
from the above BLAST hits illustrates the whole genome pair-wise
comparison of the protein content of any two genomes, in both per-
centage of homology and absolute numbers. For visual presentation,
the blocks in the matrix which are colored in different intensities in-
dicate the relative levels of homology among different genomes.
2.5. Pan- and core-genome analysis
Results obtained during the BLAST matrix construction were used to
generate pan- and core-genome plots, and a pangenome family tree was
constructed representing all the genomes (Snipen and Ussery, 2010).
Pairs of genes producing reciprocal best hits were considered to be rep-
resentative of the same gene family. Gene families with at least one gene
in common (described above) were plotted in the core genome. The rest
of the total, either unmatched or not qualifying according to the criterion,
were plotted in the pan genome. The shared genome (core)was calculat-
ed for C. fetus subspecies (fetus and venerealis) and for the rest of the total
set of genomes (Table 1).
2.6. Prediction of pathogenicity islands
We used PIPS to predict the putative pathogenicity islands (PAIs)
of Cfv and Cff. This is a novel approach based on the detection of mul-
tiple PAI features, like: Codon Usage, G+C content deviations, pres-
ence of virulence factors, ﬂanking tRNAs, transposase genes and
absence in a closely related, non-pathogenic bacterium. PIPS gener-
ates a list of putative PAIs and associated ﬁles enabling manual
curation on the automatically generated data (Soares et al., 2012).
To perform those analyses, we predicted putative PAIs Cfv and Cff
using C. hominis as a closely related, non-pathogenic bacterium; the
predicted data were then analyzed using the Artemis Comparison
Tool (ACT) (Carver et al., 2005) for manual curation and validation.
In order to observe the plasticity in those regions in comparison tothe other species of genus Campylobacter, we plotted all genomes
against the reference genome sequences (Cfv and Cff) using the soft-
ware BLAST Ring Image Generator (BRIG) (Alikhan et al., 2011).
2.7. Sub-cellular localization prediction of proteins
Sub-cellular localization of Campylobacter protein prediction was
made by in silico analysis, using the SurfG+ tool. SurfG+ is a pipeline
for protein sub-cellular prediction, incorporating commonly used soft-
ware for motif searches, including SignalP, LipoP and TMHMM, along
with novel HMMSEARCH proﬁles to predict protein retention signals
(Barinov et al., 2009). Surfg+ starts by searching for retention signals,
lipoproteins, SEC pathway export motifs and transmembrane motifs,
generally in this order. If none of these motifs are found in a protein se-
quence, it is characterized as being cytoplasmic. A novel possibility intro-
duced by Surfg+ is the ability to distinguish between integral
membrane proteins versus PSE (potentially surface-exposed). This is
done by a parameter that determines the expected cell wall thickness,
expressed in amino acids. Using published information or electron
microscopy, it is possible to estimate cell wall thickness values for
prokaryotic organisms (Barinov et al., 2009; Giombini et al., 2010).
Campylobacter proteins were classiﬁed into four different sub-cellular
locations: cytoplasmic, membrane, PSE and secreted. The Cfv and Cff
genomes were compared based on published cell wall thicknesses
(8–10 nm) to those of other species of the genus, including C. concisus,
C. curvus, C. hominis, C. lari, and C. jejuni predicted by Surfg+.
2.8. Analysis of core-exoproteins for immunogenic and pathogenic potentials
The core-exoproteome of C. fetus subspecies (Cfv and Cff) was
predicted and analyzed for obtaining potential immunogenic proteins.
The immunoinformatic pipeline contains: SufG+ (Barinov et al., 2009)
(discussed above), a tool to predict subcellular localization of proteins;
TMHMM (Krogh et al., 2001), for prediction of transmembrane helices
in proteins; and, NetMHC (Lundegaard et al., 2008a, 2008b), was used
for prediction of binding of peptides to different HLA alleles (43
human; 12 non-human, and additional 76 HLA alleles). This time
SurfG+ was set to predict only secreted protein (SEC) and potentially
surface exposed (PSE) proteins, both groups had peptide intervals re-
moved andmature protein sequenceswere obtained for further analysis.
The draft amino acid sequence was created from each original sequence
(SEC and PSE) and subjected to NetMHC and those sequences with
strong binding peptides were ﬁltered. BLAST2GO (www.blast2go.org)
program was used to analyze and classify the predicted exoproteins for
their functional categories, such as molecular and biological processes.
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Fig. 1. Phylogenetic analysis of ribosomal RNA. Sequences extracted from15 Campylobacter
complete genomes listed in Table 1. Both Cff and Cfv genomes show greater homology in
16S rRNA gene sequences. The digits indicate the distance (divergence) between species
(genomes) in the tree.
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Vaxign, a web-based predictor of vaccine candidates, was used to
ﬁnd proteins with immunogenic properties and vaccine development
potentials. The pipeline consists of calculations such as sub-cellular
localization, transmembrane domain prediction, adhesion, conserva-
tion to human and mouse, epitope binding to MHC class I and class
II, and protein functional analysis (He et al., 2010). A total of 17443
protein sequence from 10 Campylobacter genome have already been
analyzed by vaxign (data from website). We used the core genes as
input to predict a broad range, vaccine candidates. The C. fetus sub-
species core genome was subjected to dynamic search tool for predic-
tion of secreted protein (candidates). We gave special attention to the
one predicted as secreted, for their importance in pathogenomics and
being ideal targets for vaccine development (Maione et al., 2005;
Rodriguez-Ortega et al., 2006; Wyszynska et al., 2004). The candidate
virulence factors identiﬁed, were then subjected to different virulence
databases for validation, ﬁltering (Chen et al., 2012; Zhou et al., 2007),
and experimental data were sought in the literature.
3. Results and discussion
3.1. Phylogenetic analysis of ribosomal RNA
For bacterial genomes, the 16S rRNA genes are often used for iden-
tiﬁcation of bacteria at the genus and species level; 16s rRNA genes
contain variable and conserved regions and, on average, have a length
of about 1500 bp (Clarridge, 2004; Lagesen et al., 2007).
The phylogenetic tree, shown in Fig. 1, is based on 16S rRNA gene se-
quences extracted from 15 genomes, representing 6 Campylobacter
species and two H. pylori (H. pylori 2017 and H. pylori 52) genomes.
Both C. fetus subspecies (Cfv and Cff) are clustered close together based
on their 16S rRNA gene sequence homology and due to their greater sim-
ilarity in genomes. This ﬁnding supports previous microbiological and
molecular ﬁndings for C. fetus subspecies (Moolhuijzen et al., 2009). All
the C. jejuni subspecies are presented by a separated clade, which indi-
cates that these organisms share the same ancestor in their evolutionary
events. It has also previously been observed that C. jejuni species seem
to lack polymorphisms in their 16S rRNA genes; for example, 45 strains
of C. jejuni and two C. coli 16S rRNA gene sequences revealed nine se-
quence types of the Campylobacter strains, with similarities between the
different sequence types in the range of 99.6–99.9% (Hansson et al.,
2008). On the other hand, the C. fetus subspecies positioned close to the
C. hominis genome, which is located on a separate clade near the C. curvus
and C. concisuswhich are on the same clade. Among all the Campylobacter
species, the C. hominis species is the one known as non-pathogenic
to humans (Lawson et al., 2001). And 16S rDNA and genome statis-
tical (G+C content) analysis indicated that the organism is closer to
Campylobacter (C. gracilis and C. sputorum). The H. pylori genomes on
a distant branch indicate the considerable 16S rRNA gene divergence;
however, taxonomically they are quite close to the genus Campylobacter
(On, 2001). Aswe observed, the distribution of the species based on 16S
rRNA gene sequences (phylogenetic tree) shown in Fig. 1 is comparable
to the whole genome comparison and distribution in the BLAST matrix
(Fig. 2).
3.2. Proteome comparisons and BLAST matrix
The BLASTmatrix is a pair-wise comparison method, in which the
number of hits in a given set of proteomes is plotted against each
other (Binnewies et al., 2005). The BLAST matrix generated
(Material and methods) and the value of each pairwise comparison
are given in the box in the matrix (Fig. 2). Whole genome similarity
among the ﬁfteen Campylobacter genomes (Table 1) has been intro-
duced with inter- and intra-species comparisons. In principle, the
intra-species similarities are expected to be greater than the inter-species comparisons. We observed the fractions of shared proteins to
range from 20% (lowest) to 94% (highest). The lowest fraction (20%) oc-
curred between the genomes C. Jejuni subsp. doylei 26997 and C. hominis
ATCC BAA 381 due to the fact that, so far, C. hominis ATCC BAA 381 is the
only Campylobacter species that is non-pathogenic to humans (Lawson
et al., 2001). The highest genome conservation (94%) was observed be-
tween C. jejuni subsp. jejuni M11 and C. jejuni subsp. jejuni 8116. Both
the subspecies, belong to the C. jejuni and have common host and dis-
eases. All of the subspecies of C. jejuni species in the matrix have overall
greater homology in their proteomes, and the data corresponds to 16S
rRNA gene sequences analysis data, where 45 C. jejuni species showed
99% similarities (Hansson et al., 2008).
The dense green rectangular near the right corner in the matrix
shows C. fetus genomes comparison data, both genomes show 76%
overall similarity. Where the Cfv genome contains a total of 2092 pro-
teins and 2041 protein families, the Cff genome contains a total of
1741 proteins and 1705 protein families. The shared proteome of
the C. fetus subspecies (Cfv and Cff) consists of 1630 protein families,
and the absolute number of protein families goes to 2143. These
data correspond to the On and Harrington (2001) analysis of the
PFGE-DNA proﬁle for differentiating the subspecies, where the two
Fig. 2. BLAST matrix: The matrix illustrates the number of preserved gene (protein) families and the total number of gene (protein) families between any two species (genome). The
color intensities are based on the relative percentage; the darker the color (green) the greater the conserved gene families; red boxes show the internal homology within the
organism's own proteome (scales in percentages). The percentage homology between C. fetus subsp. venerealis NCTC 10354 and C. fetus subsp. fetus 82-40 is shown in the corre-
sponding box (76.1%). The dense green pyramid on the left indicates greater homology in C. jejuni species and subspecies.
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the matrix (genome distribution) also correspond to the 16S ribosomal
RNA gene divergence pattern and the phylogenetic tree (Fig. 1).
3.3. Pan- and core-genome plot and analysis
Campylobacter species have small genomes compared to other
species, and thus are expected to contain a larger fraction of genes
in the core genome and relatively fewer in the dispensable accessory
genome (Hepworth et al., 2011). The pan- and core-genome plot was
constructed (Fig. 3A), which is a cumulative total of all the conserved
core genes, as well as the total number of gene families. The criterion
(50/50) for gene families was kept the same in this plot as for the
BLAST matrix while the distribution of genomes was changed. The
pan/core-genome plot started from C. fetus subspecies (Cff and Cfv
respectively) followed by closely related (BLAST matrix and phyloge-
netic tree) genomes: C. hominis, C. curvus and C. concisus. The C. jejuni
species are then added in the same order as in the BLAST matrix.
The Campylobacter core-genome (15 genomes) comprises 552
gene families and the ﬁnal pan-genome comprises 7059 gene fami-
lies. The plot shows that the pan-genome (blue line) increases with
the addition of a second genomewhile the core (red line) genome de-
creases with the addition of the 2nd genome and drops considerably
with the addition of the 3rd genomes.
Due to greater conserved gene families between the C. fetus genomes,
the core-genome remains stable at the 1st and 2nd positions (Cff and Cfv
respectively). With subsequent additions of C. hominis species at the 3rd
position and C. curvus species at the 4th position the core-genomes con-
tinue to decrease, and remain stable with the subsequent C. jejuni or
slightly decreases, while the pan-genome continues to increase, but at
a relatively slow rate.
The core-genome calculated for the C. fetus subspecies (Cfv and Cff),
contains 1628 gene families (Additional File 1) and the pan-genome con-
sists of 2144 gene families. The core-genome of the C. fetus subspecies
was analyzed (www.blast2go.org) for biological functional categoriesand, according to Gene Ontology terms, at the third level of biological
classiﬁcation the core-sequences were assigned to different functions
and are shown in Fig. 6A. The pie chart displays a greater number of se-
quences and their role in primary, cellular, and nitrogen metabolic pro-
cesses. These are followed by macromolecule, biosynthesis, and small
molecule metabolic processes.
In addition to the core- and pan-genome estimates, a cluster of
428 gene families was found unique to Cfv and a cluster of 88 gene
families was found speciﬁc to Cff.
It is obvious, that the genome similarity and differences are detect-
able not only by shared genes (core genome) between and among the
genomes, but also by the absence of speciﬁc genes in speciﬁc genome(s).
Therefore, the pangenomic tree has been generated based on the pres-
ence or absence of speciﬁc gene families across the Campylobacter ge-
nomes (Lukjancenko et al., 2012; Snipen and Ussery, 2010) (Fig. 3B).
Again, Campylobacter species show greater conserved gene families be-
tween them and are positioned closely on the pan-genome dendrogram
with greater branch strength. As expected, the genomes of the same spe-
cies clustered together, and the C. jejuni species and subspecies clustered
together or near each other.
Interestingly, the C. fetus subspecies lie closer to C. concisus, C. curvus
(same branch), and to C. hominis species on the other side compared to
C. jejuni species.
In addition to the core-genome, the lineage speciﬁc accessory genes,
that is, the group of genes unrelated to any other genes in Campylobacter
databases, need particular attention (Ruiz et al., 2011). The group of
these genes (428 and 88 found in Cfv and Cff, respectively) does not
show any detectable similarity to other available sequences in this
study. Often, accessory genes have been found overrepresented in
genomic islands (Hsiao et al., 2005) and can be an important fraction
of the accessory component. In amicroarray-based analysis of 15 clinical
isolates of H. pylori, the organism closest to Campylobacter, up to 56% of
the strain-speciﬁc genes were orphans (no detectable homologs), and
higher numbers were obtained when comparing different sequenced
Rickettsia genomes (Ogata et al., 2001).
Fig. 3. (A) Pan- and core-genome plot: The line growing towards Y axis indicates the Campylobacter pan-genome (7059 gene families) and the line parallel to X-axis indicates the
core-genome (552 gene families). The new gene families continue to add to the pool and, hence, the pan is growing while the core-genome remains stable (intra- species) or
slightly drops. The C. fetus subsp. fetus 82-40 and C. fetus subsp. venerealis NCTC 10354T genomes are on the 1st and 2nd positions in the row respectively, their core-genome
contains 1628 gene families and their pan-genome consists of 2144 gene families. (B) Pangenome family tree. Tree based on the presence or the absence of conserved gene
families between Campylobacter species (genomes). The relative Manhattan distance indicates how far/close the genomes are located from each other and the digits indicate
the strength of the branch.
150 A. Ali et al. / Gene 508 (2012) 145–1563.4. Pathogenicity islands in C. fetus subspecies
The class of genomic islands which carries virulence factors and,
therefore, is responsible for adaptation of pathogenic organisms tohosts, through horizontal gene transfer, is collectively named patho-
genicity islands (PAIs) (Hsiao et al., 2005; Soares et al., 2012).
To access how much of the accessory components and genome
plasticity are due to horizontal gene transfer, we have predicted the
151A. Ali et al. / Gene 508 (2012) 145–156putative pathogenicity islands of Cfv and Cff (hereafter named PICFV
and PICFF, respectively). Using the software PIPS [68] we have identi-
ﬁed 12 PICFV and 10 PICFF which are represented in Figs. 4A and B. A
plot showing the gene organization with genome synteny breaks in
PAIs' regions can be viewed in Additional Fig. 1.
Between those islands, we focused in PICFV5 and 8 and PICFF6 due
to big deletion events between Cfv and Cff, and most prominent gene
content.
3.4.1. PICFV5
Accordingly to Fig. 4A, PICFV5 is partially deleted in Cff. However,
it is worthy of note that a speciﬁc region of PICFV5 containing surface
array proteins (sap) is conserved in both organisms. sap genes are
responsible for coding surface-layer (S-layer) proteins; capsule-like
proteins present on the surfaces of several prokaryotes and having a
role in pathogenesis (Thompson, 2002). The S-layer appears attached
to bacterial cell surfaces and is, thus, responsible for immune evasion
via antiphagocytic properties. Besides, variations in S-layer proteinsFig. 4. Genome map comparison of Campylobacter species:
(A) Campylobacter species plotted using C. fetus subsp. venerealis as reference. PICFV,
C. fetus subsp. venerealis; Cj, C. jejuni; Cjj, C. jejuni subsp. jejuni; Cjd, C. jejuni subsp. d
(B) Campylobacter species plotted using C. fetus subsp. fetus as reference. PICFF, putatioccur in vivo, in C. fetus species, due to genomic rearrangements
within the sap genomic locus. These rearrangements are directly
linked to antigenic variation; occur in high recombination frequen-
cies among the homologue copies of sap genes; and impose a critical
problem in the development of vaccines (de Vargas et al., 2002;
Thompson, 2002).
3.4.2. PICFV8
Gorkiewicz et al. (2010) through a genomic subtractive-hybridization
approach has previously identiﬁed a C. fetus subsp. venerealis speciﬁc PAI,
which harbors a type IV secretion system (T4SS) along with mobility
genes. In a screening for that PAI, it was showed to be present in 51 of
67 C. fetus subsp. venerealis strains, in contrast with the complete absence
in all 45 C. fetus subsp. fetus strains. Using PIPSwehave identiﬁed that PAI,
herewith denominated PICFV8 (Fig. 4A), with a size of approximately
21 Kb; ﬂanked by a methionyl-tRNA gene relative to C. fetus subsp.
fetus; and disrupting a putP gene, which codes for a sodium/proline
simporter. T4SS is unique to Cfv. The importance of type IV secretionputative pathogenicity island of C. fetus subsp. venerealis. Cff, C. fetus subsp. fetus; Cfv,
oylei; Cc 525.92, C. curvus 525.92; Cc 13826, C. concisus 13826; Cl, C. lari; Ch, C. hominis.
ve pathogenicity island of C. fetus subsp. fetus.
Fig. 4 (continued).
152 A. Ali et al. / Gene 508 (2012) 145–156system lies in membrane-associated transport complexes, the trans-
port to distinct target cells and could be an important factor in hor-
izontal gene transfer and possibly be involved in conjugative plasmid
transfer or secretion of virulence factors (Cascales and Christie, 2003;
Kienesberger et al., 2011; Wallden et al., 2010).Fig. 5. Subcellular protein location prediction for Campylobacter species: Cfv, C. fetus subsp.
potential surface exposed. The numbers indicate the proteins in corresponding locations in3.4.3. PICFF6
As shown in Fig. 4B, PICFF6 is partially deleted in Cfv and presents
Clustered Regularly Interspaced Short Palindrome Repeats (CRISPR)
and a dam gene. CRISPRs form a family of short direct repeats, ~25–50
nucleotides, interspaced by unique sequences of similar size. CRISPRvenerealis NCTC 10354T; Cff, C. fetus subsp. fetus 82-40; CJ1221, C. jejuni RM1221; PSE,
the cells.
Fig. 6. (A) Chart illustrating the classiﬁcation of Campylobacter fetus subspecies (Cfv and Cff) core-genome (1628) in the biological process categories. Data generated by BLAST2GO
program (www.blast2go.org). (B) Chart illustrating the classiﬁcation of predicted core-exoproteins (74) for C. fetus subspecies (Cfv and Cff) in the biological process categories. Data
generated by BLAST2GO program (www.blast2go.org).
153A. Ali et al. / Gene 508 (2012) 145–156presents similarity with phage and plasmid sequences; they are
widespread in prokaryotic organisms; and appear strictly linked
with the so called CRISPR associated genes (cas-genes). Cas-genes
are involved in a RNA interference type mechanism where the spacers
are used as a guide for the cleavage of foreign DNA (Makarova et al.,
2006), which consequently, act as a “prokaryotic immune defensesystem” against invading foreign replicons (Bolotin et al., 2005;
Makarova et al., 2011).
All CRISPRs include cas1 (metal-dependent DNAse) and cas2
(metal-dependent endoribonuclease) genes, which are involved in
the acquisition and integration of the spacers. CRISPR–Cas systems
may be divided into three distinct types (I, II or III) accordingly to
154 A. Ali et al. / Gene 508 (2012) 145–156the nucleic acid-manipulating activities of the additional cas-genes
(cas3, cas9 or cas10, respectively) (Makarova et al., 2011).
The dam gene codes the Dam enzyme, which catalyzes methyla-
tion of adenine residues in GATC sequences through the transfer of
the methyl group from S-adenosyl-L-methionine (SAM) using as sub-
strate hemimethylated DNA (Soares et al., 2012). That methylation
mechanism plays an important role in restriction–modiﬁcation (R–M)
systems, in which the foreign DNA is recognized and cleaved due to
the lack of a speciﬁc methylation pattern (Casadesus and Low, 2006;
Tu et al., 2003).
Those R–M systems, similar to the CRISPR loci, may have evolved as
a form of cellular defense, protecting the cell against foreign DNA
(Casadesus and Low, 2006); however, many bacteria lack the cognate
restriction enzyme for the methylase enzyme. Those methylases are
called “orphan” and may be involved in mismatch repair, initiation of
chromosome replication and regulation of gene expression, which,
in case of Dam enzyme, is supposed to occur during pre- and post-
transcriptional steps (Marinus and Casadesus, 2009). Consequently, the
loss of Dam affects several pathways in bacterial physiology and can
cause defects, inviability, attenuation and virulence-related defects. Final-
ly, Dam is involved in expression of genes harbored by Salmonella patho-
genicity island 1 and lack of Dam causes impaired invasion of epithelial
cells by Dam− Salmonella (Lopez-Garrido and Casadesus, 2010). The con-
tents of all predicted pathogenicity islands are given Additional File 4.
3.5. Sub-cellular localization of the Campylobacter proteins
Sub-cellular localization of the Campylobacter proteins was made
by computational analysis using the SurfG+ package tool (Barinov
et al., 2009). C. fetus subspecies genomes were analyzed for protein
localization along with other ﬁve species of the genus: C. concisus,
C. curvus, C. hominis, C. lari, and C. jejuni. Fig. 5 displays the numbers
of predicted proteins in each sub-cellular location.
Comparative analysis based on subcellular occurrence of the C. fetus
subspecies (Cfv and Cff) proteins and other selected Campylobacter
species proteomes were done with Chi-square tests. The protein ratioTable 2
Comparative pathogenomics of the genus Campylobacter: major/common virulence
factors involved in adherence, invasions, motility, secretion systems, and toxins. Cff,
C. fetus subsp. fetus 82-40; Cfv, C. fetus subsp. venerealis NCTC 10354T.
Common virulence factors Cfv Cff Genus
Campylobacter
Twitching motility protein CFV354_1218 CFF8240_1145 Yes
Hemolysin activator-related
protein HecB
CFV354_0809 CFF8240_0745 Yes
Phage integrase family protein CFV354_0922 CFF8240_0843 Yes
Fibronectin-binding protein
CadF
CFV354_0255 CFF8240_0194 Yes
Membrane antigen A CFV354_0532 CFF8240_0472 Yes
Outer membrane protein 18,
Omp18
CFV354_1657 CFF8240_1519 Yes
Antigen CjaC CFV354_1338 CFF8240_1233 Yes
Peptidase U32 (collagenase) CFV354_1125 CFF8240_1050 Yes
RNase R (VacB homolog) CFV354_1202 CFF8240_1129 Yes
Invasin InvA CFV354_1190 CFF8240_1117 Yes
Invasion protein CiaB CFV354_1385 CFF8240_1280 Yes
Phospholipase PldA CFV354_0258 CFF8240_0197 Yes
Hsp12 variant C CFV354_0081 CFF8240_0019 Yes
Type IV secretion system + – No
N-linked protein glycosylation + + Yes
O-linked ﬂagellar glycosylation + + Yes
LOS – – Yes
JlpA – – Yes
PEB1/CBF1 + + Yes
Capsule biosynthesis and
transport
– – Yes
Cytolethal distending toxin
(CDT)
CFV354_0087 CFF8240_0026 Yes
Pathogenicity islands PICFV5–PICFV8 PICFF6 Noof occurrence in different locations (cytoplasmic, membrane an-
chored, potentially exposed and secreted proteins) was nearly con-
stant in subspecies of C. fetus subspecies (Cfv and Cff) and slight
differences in percentage distributions were observed. Although, the
total numbers of protein content in both genomes are not close (2092
and 1719 respectively; Table 1). In both C. fetus subspecies (Cfv and
Cff), the observed percentage distribution in each sub cellular locations
was: cytoplasmic proteins 68% and 70%; membrane proteins 14% and
13%; secreted proteins 7% and 7%; and PSE 10% and 10% respectively.
As discussed before, the secreted and potentially surface exposed pro-
teins are considered good candidates, and essential to analyze their im-
munogenic and pathogenic function (Barinov et al., 2009; Giombini et
al., 2010; Rodriguez-Ortega et al., 2006).
3.6. Analysis of core-exoproteins for immunogenic and pathogenic
potentials
The importance of secreted and surface exposed proteins in patho-
genesis lies in their vital role in interactions with host-cells: adhesion,
invasion, toxicity, and protecting bacteria from host cell immune re-
sponses. Therefore, they may be good candidates for drug (Lindahl et
al., 2005) and vaccine (Maione et al., 2005) development (Pacheco et
al., 2011; Rodriguez-Ortega et al., 2006). The translated core-genome
(1628 gene families) of the C. fetus subspecies was analyzed for predic-
tion of potential candidate proteins, having immunogenic and patho-
genic signals (exoproteins; SEC and PSE). We were able to identify a
total of 285 sequences, of which 127 were SEC and 158 were PSE. In
order to select the statistically best candidate sequences from among
the 4 sets of sequences/proteins, the top category (75–100%; data not
given) was selected. Following selection, 33 SECs and 44 PSEs were
ﬁltered (Additional File 3). The biological and molecular functions of
the immunogenic protein sequences were predicted, according to
Gene Ontology's functional classiﬁcation, the orthologous exoprotein
sequences, common to the Cfv and Cff, were classiﬁed and are shown
in Fig. 6B. As shown in the pie chart, a greater number of sequences
have a role in primary, cellular, macromolecule and, nitrogenmetabolic
processes; these are followed by biosynthesis and small molecule met-
abolic processes. However, there are proteins which are involved in
vital cellular processes, growth, survival and, pathogenesis.
3.7. Virulence targets and vaccine candidates in C. fetus subspecies
Seventeen genomic sequences (gene families), potentially virulent,
diagnostic and, vaccine targets have been identiﬁed. The sequences
were then aligned for protein products by BLASTp. Among those iden-
tiﬁed sequences (gene families), the following were found associated
with ﬂagella: ﬂagellar hook associated proteins (FlgK, FlgE, FlgL)
(CFF8240_0100, CFF8240_1769, CFF8240_0008, CFF8240_0683, and
CFF8240_0092), ﬂagellar basal body protein (CFF8240_0523), and ﬂa-
gellins B protein (CFF8240_1635) (Guerry et al., 1991). The genes for
ﬂagellar proteins have been found conserved in Campylobacter species,
these factors facilitate the colonization and are associated with the pro-
cesses of chemotaxis andmotility (Moolhuijzen et al., 2009). Neverthe-
less, the importance of ﬂagellins and S-layered proteins are due to the
presence of glycoproteins in them and, are well known to be involved
in colonization of Campylobacter in the host (Thompson, 2002). Fur-
thermore, glycosylation of ﬂagellins is also reported to be important
for virulence in animal pathogenic bacteria such as P. aeruginosa and
C. jejuni (Konkel et al., 2001; Yamamoto et al., 2011). The sequence
CFF8240_0233, codes for nucleoside diphosphate kinase (Ndk), which
is an enzyme involved in nucleoside triphosphate synthesis. Additional-
ly, Ndk is also documented as an important factor in bacterial growth,
signal transduction and pathogenicity (Chakrabarty, 1998) Some ex-
perimental evidence supports the theory that mycobacterial Ndk is
a potential virulence factor, controls phagosome maturation and
supports survival of Mycobacteria within the macrophage (Sun et al.,
155A. Ali et al. / Gene 508 (2012) 145–1562010). Furthermore, extracellular secretion of NdK has also been pre-
viously reported in a number of pathogens including Pseudomonas
aeruginosa, Trichenella spiralis, Vibrio cholera and Mycobacterium bovis
(BCG) (Schlictman et al., 1995). Mycobacterium tuberculosis Ndk, was
found to be cytotoxic to mouse macrophage cells, in an ATP-dependent
P2Z receptor-mediated pathway and is believed to be an important viru-
lence factor. In Escherichia coli, Ndkwas shown to phosphorylate histidine
kinases EnvZ and CheA, showing its involvement in signal transduction
systems (Kumar et al., 2005). The sequences CFF8240_0484, CFF8240_
0464, AY450397.1 and CFF8240_0462 code for surface layer proteins
and surface array proteins. These surface proteins provide the primary
protection to the pathogen and it is observed that the C. fetus outermost
crystalline layer is made of monomolecular proteins called S-layer pro-
teins (SLP), where SLP are important factors in providing resistance to
host immune defenses and virulence, and thus are considered signiﬁcant
virulence targets (Blaser et al., 1994; Dworkin et al., 1997; Thompson et
al., 1998). TheC. fetus S-layer transporter genes (sapD, E and F) are located
on an invertible DNA element ﬂanked by two similar but not identical
S-layer genes, whose inversion is responsible for the antigenic variation
(Thompson et al., 1998) The sequence CFF8240_0215 codes putative
DNA-binding/iron metalloprotein/AP endonuclease. It's conserved do-
mains contain gycoprotease, peptidaseM22 and O-sialogycoprotein pep-
tidase. However, its role in biological processes is predicted as proteolysis
(GO:0006508) andmolecularly acts as peptidase (GO:0008233). Two hy-
pothetical proteins are coded by CFF8240_0738 and CFF8240_1659. The
later, however, have been putatively identiﬁed as prokaryotic lipoprotein.
The sequence CFF8240_0026 encodes cytolethal distending toxin (CDT),
an important factor (toxin) that produces resistance. Among other toxins,
it is a well known exotoxin in Campylobacter (Mooney et al., 2001;
Whitehouse et al., 1998). Finally, the sequence CFF8240_0019 encodes
the protein Hsp12 variant C. All the predicted gene family sequences
(locus_tags) and their GO/annotation are given in Additional File 2.
3.8. Comparative pathogenomics at the genus level
The predicted virulence factors in the C. fetus species, along with
data from literature searches and virulence databases, were then
compared with the genus Campylobacter, for their presence and
roles in pathogenesis (Chen et al., 2012; Kaakoush et al., 2010). Com-
parative analysis of the virulence factors, between the C. fetus subspe-
cies and other members of the genus, is shown in Table 2. As may be
observed, a number of predicted virulence factors were found to be
associatedwithmechanisms of interaction between organism to organ-
ism and organism to host. They play major roles in the processes of in-
vasion, adherence, motility, secretion systems and toxins, such as, InvA,
CadF, hemolysins, twitchingmotility proteins and CDT (Kaakoush et al.,
2010; Moolhuijzen et al., 2009). One major virulence factor, the
cytolethal distending toxin (CDT), is the exotoxin encoded by genes
cdtA, cdtB and cdtC. Among known toxins encoded by Campylobacter,
the cytolethal distending toxin (CDT) is the onewhich is fully character-
ized (Mooney et al., 2001). The cdt genes cause cellular detention at the
G2 cell cycle and, eventually, death of the cell lines (Whitehouse et al.,
1998). Genomes of non C. jejuni species containing the cdt operon also
encode the ﬁbronectin adhesion protein CadF (Mooney et al., 2001;
Whitehouse et al., 1998). An important membrane protein and poten-
tial virulence-associated factor, the outer membrane protein 18
(OMP18), is encoded by Cff (CFF8240_1519) and Cfv (CFV354_1657).
Previous studies report that OMP18 was effective in inducing dendritic
cell maturation and function, and was also found initiating a Th-1-
mediated immune response (Rathinavelu et al., 2005). The other pro-
teins, for example, the outer membrane substrate-binding proteins
CjaA and CjaC (CFF8240_1233 and CFV354_1338), were found to be
involved in amino acid transport: the latter (CjaC) being a putative
ATP-binding cassette type cysteine transporter, found conserved in
somehuman isolates, and the former (CjaA) being required for histidine
transport. The cjaA gene has been shown to elicit immune response andprotection against wild type Campylobacter (Wyszynska et al., 2004).
Both CjaA and CjaC proteins have been proposed as promising candi-
dates for vaccine development against these organisms. Signiﬁcantly,
immunization with a virulent Salmonella expressing Campylobacter
cjaA gene developed serum IgG and mucosal IgA antibody responses
against Campylobacter membrane proteins and Salmonella OMPs, con-
ferring protection in birds (Shoaf-Sweeney et al., 2008; Wyszynska et
al., 2004).
4. Conclusion
We were able to document various potential virulence factors,
vaccine candidates, and genomic regions associated with C. fetus sub-
species pathogenicity. The strategy used here may be extended to
other bacterial species and genera for the identiﬁcation of core and
unique genes and proteins linked to the vital functions of the organ-
ism, such as metabolism, defense mechanisms, and pathogenicity.
Furthermore, the data could be incorporated to public pathogenomic
databases. However, we would suggest that there is an urgent need
for sequencing more C. fetus subspecies, to provide better insights
into the lifestyle of the organisms.
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